Abstract. The aims of this study are to fabricate Ti/APC-2 hybrid composite laminates with and without (W/WO) nanoparticles and investigate the mechanical properties of laminates with single-edged cracks due to both tensile and cyclic tests. The mechanical properties such as ultimate tensile strength and longitudinal stiffness of original composite laminates W/WO nanoparticles were first obtained from the static tensile tests. However, the load-displacement diagrams were plotted for the crack laminates. The constant stress amplitude tension-tension cyclic tests were conducted to receive the S-N curves and fatigue data.
Introduction
Fiber metal laminates (FMLs) are hybrid structures basically composed of thin metal sheets bonded together with layers of polymer matrix composites. FMLs have high specific properties and high fatigue resistance, that achieved by the intact bridging fibers in the crack. The key to this behavior is the so-called first fiber crack bridging effect mechanism [1] [2] .
The early generation FMLs were based on composites with thermosetting polymer matrices. However, their main disadvantages are the long curing process and low glass transition temperature (T g ). In contrast, FMLs with thermoplastic based composites offer a superior resistance to aggressive environments, outstanding inter laminar fracture properties, excellent resistance to cyclic and impact loadings. Last decades researchers have been investigating the possibility of using thermoplastic materials instead of thermosetting composites in FMLs. However poor compatibility of thermoplastic matrix with metal surfaces is still an important problem. It needs to be seriously considered and improved by surface treatment or modification.
In addition to aluminum alloys, researchers also developed Ti based FMLs (TiGr) for future high speed aircraft because titanium alloy has higher creep resistance than aluminum alloy at elevated temperatures. Additionally, the magnesium based FMLs and steel based FMLs have been developed for weight saving and ferromagnetic applications.
Anodic method is a commonly used surface treatment, however, the bonding capability of polymer composites to titanium thin plates is still a problem. In order to improve the interfacial bonding capability, chromic acid anodic oxidation produced an oxide layer of thickness 40~80 nm for the 5 V and 10V treatments [3] .
In recent years, inorganic nanoparticles filled polymer composites have attracted attention because the filler/matrix interface in these composites might constitute a great area and influence the properties of composites at rather low filler concentration. Herein, our concern is focused on an engineering application, i.e., dispersing SiO 2 nanoparticles 1wt% optimally on the interfaces of APC-2 composite laminates to improve the mechanical properties of samples due to static and cyclic loadings as an extension of previous work [4] .
From the bonding of Ti with APC-2 by the modified diaphragm curing process, Ti/APC-2 hybrid nanocomposite laminates were successfully fabricated. The mechanical properties of original samples subjected to tensile and cyclic tests at room temperature were obtained. The load vs. displacement curves and fracture toughness were received for edge-cracked samples. Also, their residual lives were obtained.
Experimental
The twelve-inch wide prepregs of Carbon/PEEK (Cytec Industries Inc., USA) unidirectional plies were cut and stacked into cross-ply [0/90] s laminates. The nanoparticles SiO 2 (Nanostructured & Amorphous Materials, Inc. USA) possessed the average diameter 15±5 nm, specific surface area 160±20 m 2 /g, spherical crystallographic and amorphous powder. The optimal amount of SiO 2 was found 1% by wt. of laminates. The grade 1 (H: 0.015%, O: 0.18%, N: 0.03%, Fe: 0.2%, C: 0.08% ) Ti sheets, supplied by Kobe Steel Ltd (Japan), were 0.5mm thick after rolled, heated and flattened with scratch brushing. The ultimate tensile strength of Ti is 353 MPa, and modulus of elasticity 109 GPa.
Prior to lamination, the slimmed Ti alloy sheets were subjected to pretreatment in order to create the tough bonding with APC-2 prepregs. After a series of tests, the surface treatment by chromic acid anodic method of electro-plating was found much better as demonstrated by the results of tensile tests. After anodic processing, the thickness of oxide coating film was about 40~80nm. The anodic oxide coating was observed uniform by SEM, and the composition of coating consisting of TiO 2 by EDS.
The APC-2 prepregs were sandwiched with the Ti alloy sheets to produce Ti/APC-2 hybrid three-layered laminated composites. The modified diaphragm curing process was adopted [4] . The hybrid cracked composite specimen was a plate of 240mm(L)×25mm(W)×1.55mm(t) with a single-edged crack. The samples were divided into five groups such as original without a crack and with four crack lengths a=1.5, 3.0, 4.5 and 6.0 mm.
An MTS-810 servohydraulic computer-controlled dynamic material testing machine was used to conduct the tensile test and constant stress amplitude tension-tension (T-T) cyclic test with stress ratio=0.1, frequency=5Hz, sinusoidal wave form under load-controlled mode at room temperature.
Results
The ultimate loads of single-edged crack Ti/APC-2 composite laminates W/WO nanoparticles were measured and listed Table 1 . The indirectly obtained fracture toughness for both single-edged Ti/APC-2 composite laminates W/WO nanoparticles were listed in Table 2 for varied crack lengths. The values of fracture toughnesses of these samples calculated by rule of mixtures (ROM) were listed in Table 3 . The relationship of crack growth rate ΔJ for cracked Ti/APC-2 composite laminates W/WO nanoparticles were plotted in Fig. 1 
Discussion
In accordance with the grips for plates [5] , such as composite laminates, the fracture toughness can be calculated. However, as for hybrid nanocomposite laminates the rule of mixtures (ROM) and enhancement coefficient 1.1 for nanoparticles [4] need be adopted. The predicted results were close to the empirical data, i.e., the proposed simple way to estimate K IC is acceptable.
As for crack growth Dowling and Begley [6] fitted the data by a power-law in ΔJ instead of ΔK as (1) and m = 1.78. Fig. 1 shows the experimental crack growth rate curve of Ti/APC-2 composite laminates W/WO nanoparticles. The material properties, initial and final crack lengths, ΔJ and residual lives are listed in Table 4 . The J-based modified Paris Law can be adopted to predict the crack growth rate of hybrid cracked laminates. Some predicted results of residual life are very close to empirical data, strictly speaking the results are not all in good agreement with data. Hence, the J-based method is still not satisfactorily acceptable. Further research is necessarily needed.
Conclusion
Ti/APC-2 hybrid composite laminates W/WO nanoparticles were fabricated. Single-edged cracks were made by electrical discharge machine. The mechanical properties were obtained by tensile test for original samples. The load-displacement curves were plotted for cracked samples. Also T-T fatigue tests were conducted for cracked samples to receive the S-N curves and residual lives. Through the concepts of fracture mechanics and rule of mixtures the fracture toughness can be calculated. Finally, adopting the J-based modified Paris Law the residual lives have been predicted. The results are not well satisfied and hence, further research is needed. 
